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VOLUP4E TI - TRANSLUNAR AND 7'RANSFAR'CI t T'IIASFiS 

By G .  C .  H i t t ,  S .  M .  Kindall ,  and Jerome D. Yencharis 

SUMMARY 

Summarized he re in  a r e  t h e  r e s u l t s  of  t h e  d i s p e r s i o n  a n a l y s i s  of 
t h e  Apollo 8 mission,  t r a n s l u n a r  and t r a n s e a r t h  phases on ly .  

If it can be assumed t h a t  t h e r e  w i l l  be no spacec ra f t  ven t ing ,  
t h e  a n a l y s i s  i n d i c a t e s  t h e r e  w i l l  be no s e r i o u s  problems. To ta l  
s e r v i c e  propuls ion system (SPS) AV cost f o r  t r a n s l u n a r  midcourse w a s  
85.0 f p s  i n  t h e  worst case and 0 Eps €or t r a n s e a r t h  midcourse. 
highest  t o t a l  r e a c t i o n  c o n t r o l  system ( R C S )  A V  c o s t  w a s  9.35 f p s  for 
t r a n s l u n a r  midcourse and 17.24 f p s  for t r a n s e a r t h  midcourse. 
d e v i a t i o n s  a t  luna r  o r b i t  i n s e r t i o n  ( L O I )  and e n t r y  i n t e r f a c e  appear 
t o  be acceptably small. 

The 

Rpsul t ing 

If ven t ing  i s  considered i n  t h e  problem, t h e  prel iminary r e s u l t s  
included h e r e i n  po in t  out i t s  gene ra l  e f f e c t s .  More midcourses need 
be made, AV c o s t  i s  higher and r e s u l t i n g  dev ia t ions  are l a r g e r .  

INTRODUCTION 

Th i s  document con ta ins  a desc r ip t ion  of t h e  spacec ra f t  d i s p e r s i o n  
a n a l y s i s  f o r  t h e  t r a n s l u n a r  and t r a n s e a r t h  phases of t h e  Apollo Mission 8 .  
The nominal t i m e l i n e s  for t h e  t r ans luna r  and t r a n s c n r t h  phases of 
Apollo 8 are shown below. 
are t h o s e  which were s e l e c t e d  f o r  u s e  i n  t h e  d i s p c r s i o n  analyses  based 
on requirements for MSFN t r a c k i n g  before and a f t e r  eacb midcourse 
c o r r e c t i o n ,  crew t imeline considerat ions,  and r e s u l t s  horn previous 
s imula t ions  of flpollo Mission G. 
Apollo 8 ope ra t iona l  t r a j e c t o r y  (ref. 1) which has  a December 21, 1968, 
launch d a t e  and 72O launch azimuth. 

The times l i s t e d  f o r  t h c  midcourse c o r r e c t i o n s  

A l l  o the r  t i m e s  werc taken f'rom t h c  
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Severa l  changes a r e  being considered for t h e  A r m 1  1 o 8 operaL i o r i : i  I 
L) 

t r a j e c t o r y .  Most s i g n i f i c a n t  i s  decreasing t h e  t r a n s e a r t h  t r i p  t irnt. 
by one day whenever f e a s i b l e .  An a n a l y s i s  i s  c u r r e n t l y  underway on  
such a t r a j e c t o r y .  

- 
This document con ta ins  a n  ana lys i s  of a trans1un:ir t r a j e c t o r y  with 

spacec ra f t  ven t ing .  It should be emphasized t h a t  a t  t h i s  t i m e ,  t h e  
vent ing d a t a  can only be considered prel iminary.  

It i s  intended t h a t  s h o r t l y  a summary document w i l l  be published 
which w i l l  include t h e  r e s u l t s  of t h e  following a d d i t i o n a l  s t u d i e s :  

1. E f f e c t  of spacec ra f t  vent ing during t r a n s l u n a r  and t r a n s e a r t h  
coas t .  

2 .  E f f e c t  of one-day s h o r t e r  t r a n s e a r t h  t r i p  t ime.  

3. Loss of communications following t r a n s e a r t h  i n j e c t i o n  ( T E I ) .  

4. Nominal t r a n s e a r t h  coas t  w i t h  a midcourse maneuver a t  en t ry  
i n t e r f a c e  - 24 hours t o  s h i f t  landing long i tude .  

0 5.  Loss of primary guidance system p r i o r  t o  T E I .  

6 .  Loss of  communications a f t e r  t h e  f irst  t r a n s l u n a r  midcourse. 

The d i s p e r s i o n  a n a l y s i s  presented w a s  performed by TRW Systems 
Group under MSC/TRW Task A-100. 

SIMULATION DESCRIPTION 

The d i s p e r s i o n  analyses  f o r  t h e  t r a n s l u n a r  and t r a n s e a r t h  phases 
of Apollo 8 were performed with t h e  TAPP V I A  program, a l i n e a r i z e d  
Monte Carlo program. Two hundred t r ans luna r  and t r a n s e a r t h  f l i g h t  
s imula t ions  w e r e  performed with t h e  program, and s t a t i s t i c a l  r e s u l t s  
of  t h e  s imula t ions  were compiled with t h e  Adaptive S t a t i s t i c a l  Procep- ador  
(APROC) program. 

0 Translunar Simulations 

Each t r ans luna r  s imulat ion w a s  i n i t i a l i z e d  with a set of sample 
s t a t e  v e c t o r  dev ia t ions  ( a c t u a l  dev ia t ions )  a t  t r a n s l u n a r  i n s e r t i o n  
( T L I )  c u t o f f  and w a s  terminated a t  t he  nominal t ime of nodal passage.  
Simulated midcourse co r rec t ions  were t a r g e t e d  t o  node (X, Y ,  Z ,  and 
t i m e  a t  t h e  node of t h e  approach hyperbola and t h e  lunar  o r b i t  p l a n e )  0 
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Two se ts  of t r a n s l u n a r  s imulat ions w e r e  made: one set included 
t h e  e f f e c t s  of ven t ing ,  i n  a d d i t i o n  t o  t h e  e r r o r s  mentioned above, 
and one set did not include vent ing e f f e c t s .  

No attempt w a s  made t o  cons t ruc t  a r igo rous  vent ing model f o r  
Apollo 8 s imulat ions.  A r i go rous  model would have t o  consider  t h e  
v a r i a t i o n  of vent  d i r e c t i o n  due t o  pas s ive  thermal c o n t r o l  r o t a t i o n  
and v a r i a t i o n s  i n  t h e  magnitude of t h e  vent ing t h r u s t .  For t h e  
t r a n s l u n a r  d i spe r s ion  a n a l y s i s ,  a simple,  conse rva t ive  model w a s  employed 
i n  which t h e  d i r e c t i o n  of t h e  ven t  t h r u s t  w a s  t aken  t o  be p a r a l l e l  t o  
t h e  v e h i c l e  v e l o c i t y  vec to r  re la t ive  t o  t h e  e a r t h .  
t h a t  ven t ing  t h r u s t  i n  t h i s  d i r e c t i o n  would be a worst ca se  s i t u a t i o n  
i n  t h a t  it would r e s u l t  i n  a c t u a l  v e h i c l e  s t a t e  dev ia t ions  which would 
c o s t  t h e  most i n  terms of midcourse AV t o  c o r r e c t ,  and, i n  a d d i t i o n ,  
would produce t h e  g r e a t e s t  degradat ion i n  t h e  accuracy of t h e  est imated 
v e h i c l e  s t a t e .  

It w a s  assumed 

I 

4. 

and included t h e  e f f e c t s  of Manned Space F l i g h t  Network (MSFN) 
navigat ion e r r o r s ,  e r r o r s  i n  t h e  est imated va lues  f o r  t h e  g r a v i t a t i o n a l  
cons t an t s  of t h e  e a r t h  and moon, and midcourse execution e r r o r s .  

The magnitude of t h e  vent ing t h r u s t ,  Tv, w a s  modeled t o  be 

T = a T  
V 

where t h e  p r o f i l e  f o r  T is  shown i n  t h e  graph below and a i s  a random 
s c a l i n g  f a c t o r  s e l e c t e d  a t  t h e  beginning of each mission s imulat ion 
c y c l e  from a normal d i s t r i b u t i o n  with mean equal  t o  zero and s t anda rd  
d e v i a t i o n  equal t o  1 .0 .  
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P r o f i l e  for  T i k i  tne  Tra: is lunar  Ve.it M o a < ,  

The vent ing e f f e c t s  summarized i n  t h i s  document should be considered 
as prel iminary d a t a .  The vent ing model u t i l i z e d  i n  t h i s  s imulat ion w a s  
se t  up a t  t h e  start  of t h e  s tudy.  Since t h e n ,  t h e r e  have been many 
ques t ions  as t o  t h e  v a l i d i t y  of  t h e  model, t h e  magnitude of t h e  v e n t ,  
and t h e  r e s u l t i n g  navigat ional  d a t a  which were input  t o  t h i s  s tudy.  
A s  of t h i s  t ime t h e  ma jo r i ty  of  t h e  questions a r e  unanswered. Two 
p o i n t s  should be made: 
v e l o c i t y  vec to r  during t r a n s l u n a r  coast can change a c t u a l  per icynthion 
a l t i t u d e  by 25 n.  m i . ,  and ( 2 )  navigat ional  u n c e r t a i n t i e s  may be 
increased because of t h e  v e n t .  Exactly how much t h e  u n c e r t a i n t i e s  
are  increased ( i f  a t  a l l )  w i l l  depend on real- t ime nav iga t iona l  
procedures.  The nav iga t iona l  procedures t o  be used i f  t h e  spacec ra f t  
ven t s  a r e  c u r r e n t l y  under study and are  not n e c e s s a r i l y  r e f l e c t e d  i n  
t h i s  document. However, t h e  d a t a  presented here  can be t aken  as n 
gene ra l  i n d i c a t i o n  of t h e  e f f e c t s  of  spacecraf t  ven t ing .  

(1) A continuous vent of 0.0125 l b  along t h e  

Transear th  Simulations 

Transea r th  s imulat ions were i n i t i a l i z e d  with a s e t  of sample 
a c t u a l  s ta te  dev ia t ions  a t  t r a n s e a r t h  i n j e c t i o n  ( T E I )  cutoff-plus-10- 
seconds and were terminated a t  en t ry  i n t e r f a c e  (1100 000 f t ) .  Simulated 
t r a n s e a r t h  midcourse c o r r e c t i o n s  were t a r g e t e d  t o  t h e  nominal entry 
f l i g h t - p a t h  ang le ,  with longi tude and l a t i t u d e  of t h e  e n t r y  point  
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unconstrained, and included t h e  e f f e c t s  of navigat ion e r r o r s ,  e r r o r s  
i n  t h e  estimated values  f o r  t h e  g r a v i t a t i o n a l  cons t an t s  of  t h e  e a r t h  
and moon, and midcourse execution e r r o r s .  Venting w a s  not simulated 
during t h e  t r a n s e a r t h  phase. 

I n  both t h e  t r a n s l u n a r  and t h e  t r a n s e a r t h  s imulat ions MSFN 
t r a c k i n g  da ta  t aken  during t h e  two-hour period immediately p r i o r  t o  a 
planned midcourse c o r r e c t i o n  w e r e  not included i n  t h e  c a l c u l a t i o n  of 
t h e  r equ i r ed  AV. 

Navigation Errors 

MSFN t r ack ing  normal ma t r i ces  and state t r a n s i t i o n  ma t r i ces  f o r  
t h e  t r a n s l u n a r  and t r a n s e a r t h  phase d i s p e r s i o n  analyses  were prepared 
us ing  t h e  TAPP I V  program. Navigational e r r o r  sources whose e f f e c t s  
were included i n  both t h e  t r a n s l u n a r  and t r a n s e a r t h  analyses  were 
t r a c k i n g  da ta  no i se  and b i a s e s ,  MSFN t r a c k i n g  s t a t i o n  l o c a t i o n  e r r o r s ,  
e r r o r  i n  t h e  est imated value for t h e  g r a v i t a t i o n a l  constant  of t h e  
e a r t h ,  and e r r o r  i n  t h e  estimated value f o r  t h e  g r a v i t a t i o n a l  cons t an t  
f o r  t h e  moon. The value of t h e  s tandard d e v i a t i o n  f o r  each of t h e s e  
e r r o r s  w a s  spec i f i ed  by t h e  MSC Mathematical Physics Branch. I n  
a d d i t i o n ,  one set of t r a n s l u n a r  s imulat ions included t h e  e f f e c t s  of 
ven t ing  u n t i l  e n t r y  i n t o  t h e  moon's sphere of a c t i o n  (MSA) which occurs 
a t  about TLI-plus-54-hours. 
and t h e  t r a n s e a r t h  s imulat ions d i d  not include ven t ing  e f f e c t s .  

The second set of t r a n s l u n a r  s imulat ions 

Midcourse Execution Er ro r s  

Translunar and t r a n s e a r t h  midcourse maneuvers were modeled as 
impulsive co r rec t ions ,  and it w a s  assumed t h a t  a l l  maneuvers are 
primary guidance, navigat ion,  and c o n t r o l  system (PGNCS) guided. The 
effects of the e r r o r s  l i s t e d  below were included i n  simulated midcourse 
maneuvers; the e r r o r s  were modeled t o  have a normal d i s t r i b u t i o n  wi th  
mean and standard d e v i a t i o n  as ind ica t ed .  The numerical va lues  were 
provided by t h e  Guidance and Performance Branch. 

Y 
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E r r o r  Mean  S t a n d a r d  Deviat ion 
In i t i a l  t h r u s t  v e c t o r  pointing e r ro r  :pi tch 0. 0 0. 42 d c g  

:yaw 0. 0 0. 4 2  tlcg 

IMU platform a l i g n m e n t  e r r o r  at  - 2  
m i d c o u r  s e  b u r n  in i t i a t ion  a :pi tch 0. 0 1. 8 7 ~ 1 0 - ~  (leg 

: r o l l  0. 0 1. 8 7 ~ 1 0 - ~  d e g  
:yaw 0. 0 1 . 8 7 ~ 1 0  deg 

:Y-axis  0. 0 6 . 5 6 ~ 1 0  f t / sec  
: Z - a x i s  0. 0 6. 5 6 ~ 1 0 - ~ f t / s e c  

:Y-axis  0. 0 

IMU a c c e l e r o m e t e r  b i a s  :X-axis  0. 0 6. 56x10:; € t / s e c 2  2 

IMU a c c e l e r o m e t e r  scale f a c t o r  :X-axis  0. 0 1. 16x10-4 
1. 1 0 x 1 0  - 3  

: Z - a x i s  0. 0 1. I G X 1 0 - 4  

E r r o r  i n  SPS t h r u s t  m a g n i t u d e  0. 0 66. 9 lh 

E r r o r  i n  R C S  t h r u s t  m a g n i t u d e  ( 2  j e t )  

SPS ta i lof f  i m p u l s e  e r r o r  ( equ iva len t  
t i m e  a t  full thrust)  0. 0 0 . 0 4  scc 

- 0 . 2  lb  1. 2 l h  

I n  a d d i t i o n  t o  t h e s e  e r r o r s ,  i n i t i a l  vehicle  p i t c h ,  roll, ani1 yaw 
a . t t i t udc  errors at maneuver i g n i t i o n  were simulated :js::iirni ny; these 
errors t o  be iini formly d i s t r i b u t e d  between -O.C,O :iri(L O . ; O  ( t ,hr ,  dwdbrtnd 
c o n s t r a i n t s  ‘?or a t t i t ude -ho ld  p r i o r  t o  i g n i t i o n ) .  
AV sensed onboard accumulates i n  d i s c r e t e  s t e p s  of 0.19 f p s ,  r a t h e r  
t h a n  as a continous funct ion of a c t u a l  AV, w a s  accounted f o r  i n  t h e  
s imulat i o n .  

/\lso, t h e  f a c t  that  

a Inc ludes  an i n i t i a l  misalignment of 1.11 x lo-’ deg ( l o )  and one 
h a l f  hour of d r i f t  a t  a r a t e  of 3.0 x lo-’ deg:/hr. 
(RMS) of t h e s e  two va lues  w a s  taken yielding 1.87 x lo-? ticg ( l a ) .  

The  root-rncan-squares 



Y a 

Nominal weights and engine performance d a t a  f o r  t h e  CSM were 
assumed t o  be:  

. . . . . . . . .  Nominal CSM weight ( d r y ) ,  lb 23 811 

Nominal propel lant  weights following 

Nominal t h r u s t  f o r  s e r v i c e  propuls ion 

Nominal propel lant  weigh1;s following TLI, lb . 110 73)L 

, I  I L T ,  1 l b  . . . . . . . . . . . . . . . . . .  10 675 

system (SPS), lb . . . . . . . . . . . . . .  20 900 
Nominal spec i f i c  impulse f o r  SI’S, sec . . . .  3111.2 

c o n t r o l  system ( R C S ) ,  lb . . . . . . . . . .  199 -6 
Nominal t h r u s t  ( 2  j e t s )  f o r  r e a c t i o n  

Nominal s p e c i f i c  impulse f o r  R C S ,  sec  276.0 . . . .  
Nominal performance va lues  and s tandard dev ia t ions  f o r  e r r o r s  

were obtained from re fe rences  2 and 3. 
t o  i n i t i a l  t h r u s t  vector  po in t ing  e r r o r )  t o  midcourse burn t i m e  were 
obtained from re fe rence  4. 

Curves r e l a t i n g  AV e r r o r s  (due 

I n j e c t i o n  Er ro r s  

A covariance ma t r ix ,  shown i n  t a b l e  I ,  of a c t u a l  s t a t e  vec to r  
d e v i a t i o n s  a t  TLI-cutoff-plus-15.417-minutes w a s  provided by t h e  
Guidance and Performance Branch f o r  t h e  t r a n s l u n a r  d i s p e r s i o n  a n a l y s i s .  
The mat r ix  w a s  mapped back t o  t h e  t ime of T L I  cu to f f  and used i n  t h e  
Monte Carlo program t o  generate  sample i n i t i a l  s t a t e  dev ia t ions  for 
t r a n s l u n a r  mission s imulat ions.  The covariance matr ix  of a c t u a l  
post-TEI s t a t e  dev ia t ions ,  used t o  produce i n i t i a l  s t a t e  dev ia t ions  for 
t h e  t r a n s e a r t h  a n a l y s i s ,  i s  a l s o  shown. The T E I  matr ix  w a s  a l s o  
provided by t h e  MSC Guidance and Performance Branch. 

Each of  t he  ma t r i ces  i n  t a b l e  I i s  a c t u a l l y  a combined covariance 
and c o r r e l a t i o n  matr ix  with covariance elements 0 i n  t h e  lower 

t r i a n g u l a r  po r t ion  and c o r r e l a t i o n  c o e f f i c i e n t s  p above t h e  diagonal  

as i l l u s t r a t e d  below. 

i j  

i j  
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w h e r e  

‘i. ~ s t a n d a r d  d e v i a t i o n  of the  ith componcnt  of the  ~ f ; > t ( >  
1 vec to r  dev ia t ion .  

i h  .i h 
r:. . - c o r r e l a t i o n  c o c 2 f f i c i e n t  t o r  the i a n ( ]  ( . o : t i pon<~n t s  

‘J 

MIDCOURSE DECISION L O G I C  

I n  t h e  t r a n s l u n a r  and t r a n s e a r t h  s imulat ions t h e  dec i s ion  t o  
make or not t o  make a midcourse co r rec t ion  a t  each of t h e  s p e c i f i e d  
nominal midcourse t i m e s  w a s  based on the  magnitude of‘ t h e  r e q u i r e d  
AV r e l a t i v e  t o  s e v e r a l  d i f f e r e n t  threshold va lues .  The f i r s t  of t h e s e  
t h r e s h o l d s  w a s  tile midcourse co r rec t ion  th re sho ld  (MCCT) . A maneuver 
w a s  not performed un le s s  t h e  magnitude of t h e  required AV exceeded 

t h i s  t h r e s h o l d .  If IAVf>FQl 2 MCCT then a midcourse c o r r c c t i o n  w a s  

nerformed. 

m s  nerformed with t h e  SPSa; otherwise t h e  maneuver w a s  performc>d with 
t h e  RCS. 

- 
I 1  

- 
Tf IAVREql - > :;PST, t h e  SPS th re sho ld ,  t hen  t h e  maneuver 

Following a midcourse c o r r e c t i o n  with t h e  SPS t h e  magnitude of 

w a s  compared with 
- - - - 

REQ -AVSENSm ’ AVRES, t h e  r e s i d u a l  AV (AV,,, = AV 

t h e  t r i m  t h re sho ld  TRIMT and an RCS t r i m  maneuver w a s  performed i f  

> TRIMT. However, t h e  r e s i d u a l  AV w a s  not trimmed down t o  - 
zero bu t  down t o  t h e  value of TRIMT, in  accordance with a po l i cy  
e s t a b l i s h e d  by t h e  Data P r i o r i t y  Techniques Working Groups. 
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A diagram of t h e  midcourse dec i s ion  l o g i c  i s  shown i n  f i g u r e  1. 
The va lues  of MCCT,  SPST, and TRIMT f o r  t h e  four  t r a n s l u n a r  midcourse 
c o r r e c t i o n s  a r e  given i n  t a b l e  11. The values  f o r  t h e  four  t r a n s e a r t h  
midcourse co r rec t ions  a r e  shown i n  t a b l e  111. 

RESlJLT S 

Resu l t s  from simulat ions of t h e  t r a n s l u n a r  and t r a n s e a r t h  P ) ~ : L s ( ~ I ;  

of Apollo 8 a r e  presented i n  t h e  t a b l e s  and cumulntivc d i s t r i b u t i o n  
func t ion  (CDF) graphs of appendices A and B ,  r e s p e c t i v e l y .  
graph shows p l o t t e d  po in t s  from t h e  sample cumulative d i s t r i b u t i o n  func t ion  
f o r  a p a r t i c u l a r  v a r i a b l e .  The curve shown on t h e  graphs i s  a 
Gaussian d j s t r i b u t i o n  curve whose mean and s tandard d e v i a t i o n  are t h e  
same as t h e  sample mean and s tandard dev ia t ion  f o r  t h e  v a r i a b l e .  
Comparison of t h e  p l o t t e d  p o i n t s  and t h e  curve on each of t h e  CDF 
graphs shows how c l o s e l y  t h e  sample v a r i a b l e s  approached a Gaussian 
d i s t r i b u t i o n .  If t h e  p l o t t e d  p o i n t s  and t h e  curve are co inc iden t ,  t h i s  
of  course i n d i c a t e s  t h a t  t h e  sample v a r i a b l e s  were normally d i s t r i b u t e d .  

Each CDli' 

Summary of Translunar Resu l t s  

There i s  a s i g n i f i c a n t  d i f f e r e n c e  between t h e  r e s u l t s  obtained 
us ing  vent ing and those  obtained without ven t ing .  This  d i f f e r e n c e  i s  
e s p e c i a l l y  not iceable  i n  t h e  f i n a l  dev ia t ion  i n  a l t i t u d e  a t  node. 
Because of a l a r g e r  e r r o r  i n  t h e  estimated s t a t e  a t  t h e  t i m e  of t h e  
las t  midcourse c o r r e c t i o n  i n  t h e  venting case  ( r e s u l t i n g  i n  a more 
erroneous midcourse c o r r e c t i o n  than  f o r  t h e  no vent ing c a s e )  t h e  
d i s p e r s i o n  i n  a l t i t u d e  a t  node increased when ven t ing  w a s  considered.  
Without vent ing,  t h e  l a r g e s t  p o s i t i v e  dev ia t ion  i n  a l t i t u d e  a t  node 
w a s  about 8 n. m i . ,  and t h e  l a r g e s t  negat ive d e v i a t i o n  w a s  about 
-7 n .  m i . ,  both w e l l  w i th in  safe l i m i t s .  When ven t ing  w a s  included, 
t h e  l a r g e s t  p o s i t i v e  dev ia t ion  i n  node went up t o  about 21 n .  m i . ,  and 
t h e  l a r g e s t  negative dev ia t ion  went t o  about -18 n .  m i . ,  o r  about 42 n.  m i .  
above t h e  lunar  su r face .  

When venting w a s  p re sen t  a midcourse c o r r e c t i o n  w a s  r equ i r ed  a t  
t h e  second midcourse d e c i s i o n  t ime f o r  46 percent  of t h e  s imula t ions ;  
without vent ing a midcourse c o r r e c t i o n  a t  t h i s  t i m e  w a s  r equ i r ed  i n  only 
6.5 percent  of t h e  s imulat ions.  Furthermore, a t  t h e  f o u r t h  midcourse 
d e c i s i o n  t i m e  t he  s imulat ions i n d i c a t e  t h a t  w i th  o r  without ven t ing  
t h e r e  i s  a high p r o b a b i l i t y  t h a t  midcourse c o r r e c t i o n  w i l l  be  r e q u i r e d .  
However, with venting t h i s  midcourse c o r r e c t i o n  r equ i r ed  use  of t h e  
SPY; i n  55.5 percent of t h e  s imulat ions as opposed to only 2 . 5  percc.nt 
without venting. Such d j r f e r e n c e s  a r e  r e a d i l y  a t t r i b u t e d  t o  incrt~i.:;cd 
dcviatioris i n  a c t u a l  s ta te  and l a r g e r  errors i n  t h e  c:;timated s t : L t ( >  
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wkicn vranting is included. Nspecially no t i ceab le  i s  t h e  e f f e c t  of a 
l a r g e  inc rease  i n  e r r o r  i n  t h e  estimated s t a t e  a t  t h e  t ime of t h e  t h i r d  
midcourse c o r r e c t i o n  when vent ing i s  included. This  r e s u l t s  i n  a n  
erroneous commanded t h i r d  midcourse co r rec t ion  and thereby inc reases  
t h e  d i s p e r s i o n  of t h e  required co r rec t ive  v e l o c i t y  a t  t h e  f o u r t h  
midcourse c o r r e c t i o n .  The l a r g e s t  fou r th  midcourse c o r r e c t i o n  inc reases  
from 6.7 f p s  without vent ing t o  28.7 f p s  with ven t ing .  
l a r g e s t  t o t a l  t r a n s l u n a r  SPS maneuver v e l o c i t y  and t h e  t o t a l  t r a n s l u n a r  
RCS maneuver v e l o c i t y  a r e  not s i g n i f i c a n t l y  d i f f e r e n t  f o r  t h e  two 
cases .  The l a r g e s t  t o t a l  SPS AV f o r  all t r a n s l u n a r  midcourse c o r r e c t i o n s  
w a s  85.80 f p s  without vent ing and 95.32 fps with ven t ing ;  t h e  l a r g e s t  
t o t a l  RCS AV w a s  9.35 f p s  without venting and 9.87 Cps with ven t ing .  

However, t h e  

Summary of Transearth Results 

The most noteworthy r e s u l t s  from t h e  t r a n s e a r t h  s imulat ions a r e  
t h e  s t a t i s t i c s  on required midcourse AV. The SPS w a s  used only once 
during t h e  two hundred t r a n s e a r t h  simulations which were performed. 
For e i g h t  of t h e  s imulat ions no t r a n s e a r t h  midcourse co r rec t ions  
were performed and about 18 percent  of t h e  s imulat ions accumulated 
a t o t a l  AV f o r  t r a n s e a r t h  midcourse co r rec t ions  of 2.0 f p s  o r  l e s s .  
The l a r g e s t  cumulative AV ( R C S )  obtained w a s  17.24 f p s .  'These 
r e s u l t s  show i n j e c t i o n  e r r o r s  incurred during t h e  TEI burn t o  be s m a l l  
and c o r r e c t a b l e  ( t a r g e t i n g  f o r  nominal pa th  a n g l e  a t  e n t r y )  a t  an 
unexpectedly s m a l l  c o s t  i n  AV.  

Required AV during t h e  t r a n s e a r t h  phase w a s  found t o  be i n  a 
d i r e c t i o n  which w a s  very nea r ly  perpendicular t o  t h e  geocentr ic  
p o s i t i o n  vec to r  of t h e  v e h i c l e  and i n  t h e  plane of t h e  t r a j e c t o r y .  

S t a t i s t i c s  on a c t u a l  s t a t e  deviat ions a t  e n t r y  show t h a t  t h e  range 
This i s  w e l l  w i th in  of e n t r y  f l i gh t -pa th  ang le  w a s  -6.105' t o  -6.388O. 

t h e  e n t r y  c o r r i d o r  of -5.7" ( z e r o - l i f t  overshoot)  t o  -7.3O (12-~ 
undershoot)  shown i n  r e fe rence  1. Entry azimuth ranged from 112.370' 
t o  112.785", and e n t r y  speed ranged from 36 067.2 f p s  t o  36 07'5.2 fps .  
For t h e  Monte Carlo s imulat ions,  t h e  nominal values  f o r  t h e s e  variables 
were 

Nominal e n t r y  f l i gh t -pa th  ang le ,  deg . . . . .  -6.2485 

Nominal e n t r y  azimuth, deg . . . . . . . . . .  112.6006 

Nominal e n t r y  speed, f p s  . . . . . . . . . . .  36 070.98 

The long i tude  of t h e  e n t r y  p o i n t ,  which w a s  not cons t r a ined  during 
midcourse c o r r e c t i o n s ,  va r i ed  over a range of -1.173' t o  1.586" from 
t h e  nominal e n t r y  long i tude .  Entry l a t i t u d e  d e v i a t i o n s ,  which also 
were not constrained during midcourse c o r r e c t i o n s ,  ranged from -0.14b0 t o  
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0.171'. These dev ia t ions  g ive  a landing point  which i s  we l l  w i th in  
t h e  r e l o c a t i o n  c a p a b i l i t y  (about 1000 n.  m i . )  of t h e  recovery s h i p  
during t r a n s e a r t h  coast  ( r e f .  5 ) .  

CONCLUSIONS 

Without venting t h e r e  i s  no problem i'or t r a n s l u n a r  c o a s t .  ']'lie 
p r o b a b i l i t y  i s  very hich t h a t  only t h r e e  (and poss ib ly  only two) 
midcourse co r rec t ions  need be made. The AV cos t  i s  about as expected 
and should be  no problem i n  t h i s  mission.  The maximum dev ia t ions  i n  
r e s u l t i n g  a l t i t u d e  a t  t h e  moon appears t o  be safe and should o f f e r  no 
problem t o  t h e  LO1 t a r g e t i n g  scheme. 

The preliminary r e s u l t s  f o r  vent ing i n  t r a n s l u n a r  coast  show 
s i g n i f i c a n t  d i f f e rences  from t h e  no-venting c a s e .  The p r o b a b i l i t y  
of making more c o r r e c t i o n s  w a s  high; AV cos t  w a s  s l i g h t l y  higher;  
r e s u l t i n g  dev ia t ions  a t  t h e  moon were s i g n i f i c a n t l y  l a r g e r .  Some 
prel iminary s tud ie s  have been conducted with t h e s e  d e v i a t i o n s ,  and it 
appears a t  t h i s  po in t  no problem would be incurred by t h e  Real T i m e  
Computer Complex ( R T C C )  LOI t a r g e t i n g  processor i n  t a r g e t i n g  out  any 
l a  d e v i a t i o n s  a t  t h e  node i n  t h e  vent c a s e .  A s  pointed out i n  t h e  t e x t ,  
however, t h e  e f f e c t  of vent ing i s  p r i n c i p a l l y  t o  inc rease  navigat ion 
u n c e r t a i n t i e s .  J u s t  how much of an e f f e c t  t h i s  i s  depends on real-timr 
nav iga t iona l  procedures. 

The t r a n s e a r t h  r e s u l t s  r e f l e c t  an accu ra t e  T E I  maneuver r e s u l t i n g  
i n  ve ry  s m a l l  midcourse maneuvers. The p r o b a b i l i t y  is  almost n i l  t h a t  
an SPS maneuver need be performed. Deviations a t  e n t r y  i n t e r f a c e  appeared 
t o  be e n t i r e l y  accep tab le .  
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Y 

Tah lc  2. T r a n s l u n a r  Midcourse Decis ion ' l 'hreshol t ls  

MCC-1  MCC-2  MCC-3  M C C - 4  

MCCT ( f t / s e c )  3 .  0 1. 0 1.0 0. 25 

S P S T  ( f t / s e c )  5. 0 5. 0 5. 0 5. 0 

TRIMT ( f t / s e c )  0. 25 0. 25 0. 25 0. 0 

Tab le  3.  T r a n s e a r t h  M i d c o u r s e  Dec i s ion  T h r e s h o l d s  

M C C - I  M C C - 2  M C C - 3  M C C - 4  

MCCT ( f t / s e c )  2. 0 2. 0 I. 0 1. 0 

SPST ( f t / s ec )  12. 0 12 .0  12. 0 12. 0 

TRIMT ( f t / s e c )  0. 2 0. 2 0. 2 0. 2 



E N T E R  WITH zVREo I 

NO RCS TRIM 

RCS MANEUVER 

EXECUTE SPS MANEUVER 
(TRANSEARTH MCC'S INCLUDE 
4.0 FT/SEC RCS ULLAGE) 

EXECUTE RCS TRIM MANEUVER IN 
WHICH THE COMMANDED TRIM AV 
I S  G IVEN BY 

~~ - 

Figure 1 . Midcourse Decision Log C 
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x ' l 'A I5 I J~  A-V  I .- Sample C o v a r i a n c e  Matric.es of R e q u i r e d  M i d c o u r s e  AV;? 
Does N o t  Include E f f e c t s  o f  V c n t i n g  

First T r a n s l u n a r  Midcourse  C o r r e c t i o n  (TLI t 6  h r )  

S a m p l e  C o v a r i a n c e  M a t r i x  of Requ i red  M i d c o u r s e  A V  ( f t / s e c ;  G e o c e n t r i c  
UVW C o o r d i n a t e s  ) 

1 2 3 

1 2. 0816288Ei-1 
2 -8.6725302E- I 2. 1035509Et  1 
3 - 8 . 4 1 2 4 5 4 l E - 1  6. 3881318E- I 2. 02961 19E- 0 

Second T r a n s l u n a r  Midcourse  C o r r e c t i o n  (TLI t 2 5  h r )  

S a m p l e  C o v a r i a n c e  M a t r i x  of Requi red  M i d c o u r s e  A V  ( f t / s e c ;  G e o c e n t r i c  
UVW C o o r d i n a t e s  ) 

1 2 3 

I 5.2397017E- 1 
2 -6 .0158293E-2  3.67 17532E- I 
3 I. 7628374E-2  -4.8594875E- 1 3. 50893303-  I 

$6 
S t a t i s t i c s  b a s e d  on 200 s a m p l e s .  

M a t r i c e s  a r e  i n  n o r m a l i z e d  f o r m ;  i. e . ,  the d i agona l  e l e m e n t s  a r e  the 
s t a n d a r d  dev ia t ions  r a t h e r  than  the v a r i a n c e s ,  and the of f -d iagonal  e l e -  
m e n t s  a r e  the c o r r e l a t i o n  coeff ic ients .  



' I ' A i ~ I , I ~ ~  A-Vl .- Sample  C o v a r i a n c e  M a t r i c e s  of R e q u i r e d  M i d c o u r s e  AV::: 
I h c s  No1 I n c l u d e  E f fec t s  of V(5nt ing (Concluded) 

~~ ~ 

Thi rd  T r a n s l u n a r  M i d c o u r s e  C o r r e c t i o n  (LO1 - 22 h r )  

S a m p l e  Covar i ance  M a t r i x  of R e q u i r e d  M i d c o u r s e  A V  ( f t / s e c ;  G e o c e n t r i c  
UVW Coord ina te s  ) 

1 2 3 

I 7.9034687E- 1 

3 4 . 4 4 6 7 3 5 7 ~ -  2 - 2. 1405653E- 1 6. 0856366E- 1 
2 - 2.4614446E- 1 5. 3558837E- 1 

F o u r t h  T r a n s l u n a r  M i d c o u r s e  C o r r e c t i o n  (LO1 - 8  h r )  

S a m p l e  Covar i ance  M a t r i x  of R e q u i r e d  M i d c o u r s e  A V  ( f t / s e c ;  S e l e n o c e n t r i c  
UVW Coord ina te s  ) 

i 2 3 

1 I. 5065109E-0 
2 4 .36976423-  1 8. 63 168663-  1 
3 - 6.4440245E- I -4 .7057434E- I 1. 2192940E-0 

* 
S t a t i s t i c s  b a s e d  on  200 s a m p l e s .  

M a t r i c e s  a r e  in n o r m a l i z e d  f o r m ;  i. e . ,  the d i agona l  e l e m e n t s  a r e  the 
s t a n d a r d  deviat ions r a t h e r  than  the v a r i a n c e s ,  and the off -d iagonal  e l e -  
m e n t s  a r e  the c o r r e l a t i o n  coef f ic ien ts .  
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L ' l 'Al<l,li:  A - V T T T  .- S t a t i s t i c a l  S u m m a r y  of Dev ia t ions  i n  Al t i tude  at  Node 
Does  Not Include Ef fec t s  of Vent ing 

Dev ia t ions  i n  Al t i tude  a t  Node ( f t )  

M e a n  
S t a n d a r d  Dev ia t ion  
S m a l l  e s t S a m p l e  
25th P e r c e n t i l e  S a m p l e  
50th P e r c e n t i l e  S a m p l e  
7 5th P e r c e n t i l e  S a m p l e  
90th P e r c e n t i l e  S a m p l e  
95th P e r c e n t i l e  S a m p l e  
99th P e r c e n t i l e  S a m p l e  
L a r g e  s t Sampl e 

- - -785 .9  
= 18, 036. 8 
= - 4 0 , 3 0 5 . 2  
= - 1 2 , 7 0 9 . 6  
- - -722 .2  
- - 9, 701.4 
= 21,034. 0 
= 29 ,787 .4  
= 46 ,  314. 9 
= 4 9 , 7 1 4 . 6  
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TABLE A-X1V.-  S a m p l e  C o v a r i a n c e  M a t r i c e s  of R e q u i r e d  M i d c o u r s e  AV::: 
Inc ludes  E f f e c t s  of Venting 

F i r s t  T r a n s l u n a r  M i d c o u r s e  C o r r e c t i o n  (TLI t 6  h r )  

Sample  Covar i ance  M a t r i x  of R e q u i r e d  M i d c o u r s e  A V  ( f t / s e c ;  G e o c e n t r i c  
UVW Coord ina te s  ) 

1 2 3 

1 2 . 0 9 4 1 3 1 5 E t l  
2 -8 .6515345E-  1 2. 1 0 4 6 5 1 9 E t l  
3 -8. 2777901E- 1 6. 3536308E- 1 2. 0329174E- 0 

Second T r a n s l u n a r  M i d c o u r s e  C o r r e c t i o n  (TLI t 2 5  h r )  

Sample  C o v a r i a n c e  M a t r i x  of R e q u i r e d  M i d c o u r s e  A V  ( f t / s e c ;  G e o c e n t r i c  
U VW Coord ina te s  ) 

1 2 3 

1 7. 5598531E- 1 
2 -1. 2252737E- 1 3.7998470E-  1 
3 7.3042212E- 1 -2.  3201395E-1 9. 1540990E- 1 

~~ 

>;: 
S t a t i s t i c s  b a s e d  on 200 s a m p l e s .  

M a t r i c e s  a r e  in  n o r m a l i z e d  f o r m ;  i. e . ,  t h e  d iagonal  e l e m e n t s  a r e  the 
s t a n d a r d  devia t ions  r a t h e r  than t h e  v a r i a n c e s ,  and  the of f -d iagonal  e l e m e n t s  
a r e  the c o r r e l a t i o n  coeff ic ients .  
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n TABLE A-X1V.- S a m p l e  C o v a r i a n c e  M a t r i c e s  of R e q u i r e d  M i d c o u r s e  AV:: 
Inc ludes  Effec ts  of Venting (Concluded) 

T h i r d  T r a n s l u n a r  Midcourse  C o r r e c t i o n  (LO1 - 22 h r )  

S a m p l e  C o v a r i a n c e  M a t r i x  of Requi red  M i d c o u r s e  A V  ( f t / sec- ;  G e o c e n t r i c  - 
U VW C o o r d i n a t e s )  

I 2 3 

I I .  1228851E-0 
2 2. 5062925E- I 4.4585825E- I 
3 8. 5204518E- I 4. 0199682E- 1 I. 8484177E- 0 

F o u r t h  T r a n s l u n a r  Midcourse  C o r r e c t i o n  (LO1 -8  h r )  

S a m p l e  C o v a r i a n c e  M a t r i x  of Requi red  M i d c o u r s e  A V  ( f t / s e c ;  S e l e n o c e n t r i c  
U VW Coo r d ina  t e  s ) 

i 2 3 

1 6 .6513136E-0  
2 9. 2671886E- 1 I .  40  19440E- 0 
3 - 9 . 9 0 9 2 8 i l E -  I - 9. 2795995E- I 5 .8588085E-0  

4, T 

S t a t i s t i c s  b a s e d  on 200 s a m p l e s .  

M a t r i c e s  a r e  i n  n o r m a l i z e d  f o r m ;  i. e . ,  the d iagonal  e l e m e n t s  a r e  the 
s t a n d a r d  d e v i a t i o n s  r a t h e r  than  the v a r i a n c e s ,  and the of f -d iagonal  e l e -  
m e n t s  a r e  the c o r r e l a t i o n  coeff ic ients .  
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TABLE A-XVI. -  S t a t i s t i ca l  S u m m a r y  of Devia t ion  i n  Alt i tude at Node 
Inc ludes  Effec ts  of Venting 

- 

Devia t ion  i n  Alt i tude a t  Node (ft) 

Mean - - -682 .4  
S t a n d a r d  Devia t ion  = 4 0 , 6 8 7 . 8  
S m a l l  e s t  S a m p l e  = -109 ,  183. 1 
25th P e r c e n t i l e  S a m p l e  = - 2 6 ,  288. 1 

- - -1,  919. 5 50th P e r c e n t i l e  S a m p l e  
7 5th P e r c e n t i l e  S a m p l e  = 27,311.7  

,9Oth P e r c e n t i l e  S a m p l e  = 53,376.  3 
95th P e r c e n t i l e  S a m p l e  = 66,  279. 1 
99th P e r c e n t i l e  S a m p l e  = 105, 065.6 
L a r g e  s t S a m p l e  = 1 2 8 , 5 5 5 . 4  
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APPENDIX R 

STATISTICAL SUMMARY OF TRANSEARTH SIMl JLATTON RESUL,TS 
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TABLE €3-VI .- S a m p l e  C o v a r i a n c e  M a t r i c e s  of R e q u i r e d  M i d c o u r s e  AV;: 

F i r s t  T r a n s e a r t h  M i d c o u r s e  C o r r e c t i o n  ( T E I  + 10 h r )  

S a m p l e  Covar i ance  M a t r i x  of R e q u i r e d  M i d c o u r s e  AV ( f t / s e c ;  S e l e n o c e n t r i c  
UVW C o o r d i n a t e s )  

1 2 3 

1 3.4545887+000 S y m n i  (> t I' ic 
2 -9. 9999999-001 1. 551 7987+000 
3 -9. 9999999-001 9. 9999999-001 3. 3432991 -001 

Second T r a n s e a r t h  M i d c o u r s e  C o r r e c t i o n  ( T E I  + 29 h r )  

S a m p l e  Covar i ance  M a t r i x  of R e q u i r e d  M i d c o u r s e  AV ( f t / s e c ;  G e o c e n t r i c  
UVW Coord ina te s )**  

1 2 3 

1 0. 1580735-003 S y n ~  n i c ' t  I' ic 
2 9 .  9099999 -001 1 .  3041 577+000 
3 9. 9999999-001 9.9999999 - 0 0  1 5. 1 101 480-003 

:;: 
S t a t i s t i c s  based  on 200 s a m p l e s .  

M a t r i c e s  a r e  in  n o r m a l i z e d  f o r m ;  i. e . ,  the  d i agona l  e l e m e n t s  a r e  the  
s t a n d a r d  deviat ions r a t h e r  than  the v a r i a n c e s ,  and  the  off- d i agona l  e l e m e n t s  
a r e  the c o r r e l a t i o n  coeff ic ients .  

componen t s  ind ica tes  t h a t  MC AV w a s  a l w a y s  i n  a d i r e c t i o n  n e a r l y  p a r a l l e l  
t o  the v -ax i s .  

.L J, 1- -I- 

The  dominance  of the v- compo+nent and  t h e  high c o r r e l a t i o n  be tween 
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T h i r d  T r a n s e a r t h  Midcourse  C o r r e c t i o n  ( E n t r y  - 29 hr)  

Sample  C o v a r i a n c e  M a t r i x  of Requ i red  M i d c o u r s e  AV ( f t / s e c ;  G e o c e n t r i c  
UVW Coord ina te s )**  

1 2 3 

1 3 .  3034899-004 S y n i n ~ c .  t I- ic 
2 9 .9999999-001 1 .  3210815+000 
3 9. 9999999-001 9. 9999999 -00  1 4. 3023843-004 

F o u r t h  T r a n s e a r t h  Midcourse  C o r r e c t i o n  ( E n t r y  - 2 h r )  

Sample  C o v a r i a n c e  M a t r i x  of Requ i red  M i d c o u r s e  AV ( f t /  s e c ;  G e o c e n t r i c  
UVW Coord ina te s )**  

1 2 3 

1 1 .  5257668-001 S y m m  c t r i c 
2 9. 9999999-001 2. 581 760 14000 
3 -9. 9999999-001 -9.  9999999-001 8. 48491 82-004  

Y;. 
S t a t i s t i c s  b a s e d  on 200 s a m p l e s .  

M a t r i c e s  a r e  in  n o r m a l i z e d  f o r m ;  diagonal  e l e m e n t s  a r e  t h e  s t a n d a r d  
d e v i a t i o n s  and  of f -d iagonal  e l e m e n t s  a r e  the c o r r e l a t i o n  coef f ic ien ts .  
:k :k 

T h e  dominance  of the  v- comp2nent  and the  high c o r r e l a t i o n  be tween 
c o m p o n e n t s  i n d i c a t e s  that MC AV was a l w a y s  in  a d i r e c t i o n  n e a r l y  p a r a l l e l  
to  t h e  v -ax i s .  
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